We perform experiments and device simulations to investigate the origin of current-voltage (I-V) linearity of TaO x -based resistive switching memory (RRAM) devices for their possible application as electronic synapses. By using electrical characterization and simulations, we link the electrical characteristics (linear or nonlinear I-V) to the microscopic properties of the conductive filament (CF). Our findings indicate that the shape and the thermal properties of the CF region are crucial to achieve linear I-V characteristics. These results allow optimizing the I-V curve linearity of TaO x -based RRAM devices, explaining the wide range of linear I-V characteristics experimentally observed on RRAM device obtained. When weight sum operation using SPICE simulations is performed, the read current is improved under the condition of linear I-V characteristics due to current loss minimization.
I. INTRODUCTION
Neuromorphic computing systems are attracting considerable attention as replacements for the systems based on the conventional von-Neumann architecture, owing to their massively parallel, fault-tolerant, and low power consumption [1] . To implement a neuromorphic hardware system, synapse devices as well as CMOS-based neurons and peripheral circuit for storing weight data are required. Thus, many studies have been conducted to implement synapse devices by using phase change memory [2] , magnetic memory [3] , ferroelectric memory [4] and resistive switching memory (RRAM) [5] . In particular, RRAM that exhibits multi-level characteristics by controlling nanoscale conductive filament (CF) is promising due to their excellent scalability for constructing high-density arrays [6] .
Many studies have reported multilevel characteristics achieved during potentiation or depression in the weight update operations [7] - [11] . On the other hand, the weight sum operation (vector-matrix multiplication) using RRAM-based cross-point arrays, is performed by summing the current, which means that the conductance of each synapse device is multiplied by the read voltage [12] . In this weight sum operation, all synapse devices in the cross-point array participate in the computation according to Kirchhoff's Law. However, distortion of read voltage occurs due to parasitic metal wire resistance, resulting in dependence of the read voltage on the location of the synaptic device in crosspoint array [13] , [14] . For this reason, the current-voltage (I-V) linearity of the synaptic devices is required to minimize read current loss during the weight sum operation. Thus, the optimization of the I-V linearity in a wide range of compliance current (I comp ) is required, which needs to understand the physical mechanisms and process engineering. In this scenario, several works have investigated the correlation between the density of oxygen vacancies (V o ) in the CF and the I-V linearity [15] , [16] . The effect of I-V linearity on the pattern recognition accuracy has also been investigated [17] .
In this work, we compare two different RRAM device stacks and use experiments and simulations to link the degree of I-V linearity to the material and CF properties. This study presents a guideline for device engineering to achieve linear I-V characteristics. In addition, read current loss as a function of array size and parasitic metal wire resistance is evaluated using SPICE simulations.
II. EXPERIMENT
Two different RRAM device stacks using Ta and Ti as oxygen exchange layer were considered in this study. All devices were fabricated in 250-nm via-hole structure. For the isolation layer, 150-nm-thick SiO 2 sidewall layer was deposited on a Pt/TiN/SiO 2 /Si substrate via plasma-enhanced chemical vapor deposition. Subsequently, 250-nm via-holes were formed via lithographic and etching process. A 5-nm tantalum oxide (Ta 2 O 5-x ) layer was deposited on top of a Pt bottom electrode (BE) using RF magnetron sputtering with a stoichiometric Ta 2 O 5 target. Then, 10-nm layers of Ta and Ti were deposited separately through DC magnetron sputtering with a Ta and Ti target followed by the deposition of a 10-nm-thick W top electrode, respectively. The voltage for all measurements was applied to the top electrode. RRAM operations were simulated using the Ginestra software package [18] , [19] that includes all the physical mechanisms relevant for the operation and reliability of RRAM devices: carriers trapping and transport, the induced power dissipation and associated temperature increase (calculated by solving Fourier's heat flow equation with Dirichlet boundary conditions at the electrodes), the generation, recombination, and diffusion of V o and interstitial ions (O − ) [20] . Charge transport is described considering tunneling (direct/Fowler Nordheim tunneling and trap-assisted tunneling (TAT) [21] ) and drift contributions. The change in the dominant mechanism from TAT to drift that occurs in presence of high O vacancy densities (i.e., the CF region) is automatically considered. High V o densities lead to the formation of defect sub-bands in which the drift transport is still calculated in the TAT framework by setting the tunneling and lattice relaxation probabilities equal to one [20] , which give the expected Ohmic-like conduction.
In this work, the typical simulated volume is 10×10×5 nm 3 , being 5 nm the thickness of the Ta 2 O 5-x oxide, which is enough to correctly describe a single CF.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the I-V characteristics of the Ti/Ta 2 O 5-x and Ta/Ta 2 O 5-x devices after forming, obtained by imposing a I comp of 100, 150 and 200 µA. The bipolar switching behavior is attributed to the formation and rupture of a CF composed of V o generated during the initial forming operation. The CF properties, i.e., the V o profiles were determined by the reactive metal layer properties (e.g., electronegativity) and the forming operation [22] . Both Ti-and Ta-based devices show good resistive switching (RS) behavior, see Fig. 1 (a) . However, in the low-resistance state (LRS) the Ti/Ta 2 O 5-x device shows nonlinear I-V and conductancevoltage (G-V) characteristics, whereas that of the Ta/Ta 2 O 5-x device exhibits linear I-V and G-V, see Fig. 1 (b) . To understand the origin of these differences, we analyzed the CF properties of the Ta-and Ti-devices before and after forming using both ad-hoc experiments and simulations. Figure 1 (c) shows the measured (symbols) and simulated (lines) I-V characteristics during the forming of both devices. The higher current of the Ti/Ta 2 O 5-x device before the forming process indicates a higher initial V o density (2.5×10 20 cm −3 ) compared to that of Ta/Ta 2 O 5-x (2×10 19 cm −3 ), as confirmed by simulations. Moreover, the highly reactive Ti electrode is expected to induce a highly asymmetric V o profile with a constriction close to the BE owing to its oxygen scavenging ability. On the contrary, a much more uniform V o profile is expected for the Ta-Ta 2 O 5-x device as schematically depicted in the insets of Fig. 1(c) . The highly non-uniform V o profile in the Ti/Ta 2 O 5-x stack is expected to be maintained also after forming (depending on the compliance) and could be the origin of the differences observed with respect to Ta-based devices.
We used simulations to investigate and understand the differences observed in the I comp -dependent LRS I-V characteristics of the Ti-and Ta-based devices. In addition, we only used simulations to extract the CF properties (shape, size, V o density, etc. . . ) allowing reproduction of the experimental data without full forming simulations. Figure 2(a) shows the LRS currents measured and simulated for the Ti/Ta 2 O 5-x stack. Simulations reproduce the experimental data at I comp = 100/150/200/300 µA when considering the CFs shown in Fig. 2(b)-(e) . The results indicate that the I-V non-linearity at low I comp is due to the conical shape of the CF and the thermal properties (i.e., thermal conductivity) of the RS material. The filament constriction close to the BE induces a high local power dissipation associated with the current flow. The generated heat is not removed efficiently because of the low thermal conductivity of Ta 2 O 5 (0.7W m −1 K −1 [23] ), causing a significant temperature increase, as shown in Fig. 2(h) ; this eventually leads to the super linear increase of the current, from A to B in Fig. 2(f) . This is a consequence of the strong dependence of the TAT conduction mechanism -still dominating in the constriction region -on the temperature [21] . Simulations performed considering a uniform CF confirmed that the constriction-induced local temperature increase was at the bases of the observed non-linearity. Indeed, the I-V characteristics simulated in the uniform CF case is linear ( Fig. 2(f) ), and the temperature increase is low, as shown in Fig. 2(j) . When higher I comp are imposed, the conical CF gets wider and more metallic, and its shape changed from conical to cylindrical due to the massive V o generation, see in Fig. 2(e) . This allows more efficient removal of the heat generated by the current flow and the corresponding I-V characteristics become linear, see in Fig. 2(a) . On the contrary, the LRS currents measured on the Ta/Ta 2 O 5-x stack were reproduced by considering a uniform CF independently of I comp , as shown in Fig. 3(a) . As discussed above, this allows a better dissipation of the generated heat, which in turns results in a higher I-V curve linearity. Increasing the I comp leads to a wider and more metallic CF (Fig. 3(b)-(e) ).
To further investigate the properties of the CFs formed in Ti-and Ta-based devices, we performed temperaturedependent measurements of the LRS currents at different I comp . Figure 4(a) and (b) show the results for the low I comp of 100 μA. A large temperature dependence was observed in the Ti/Ta 2 O 5-x stack, as shown in Fig. 4(a) , indicating that the charge transport was still dominated by defect-assisted mechanisms such as TAT, even after forming [20] , [21] . Simulations confirm that the observed temperature dependence is mainly due to TAT transport through defects located in the constricted portion of the CF, with an additional contribution due to the temperature dependence of the bandgap in the highly sub-stoichiometric Ta 2 O 5-x (∼3meV/K). Conversely, the LRS current measured on the Ta/Ta 2 O 5-x device after forming at 100µA exhibits much lower temperature dependence, as shown in Fig. 4(b) . This is consistent with the drift-driven charge transport expected in a quasimetallic CF, as confirmed by simulations. As expected, the temperature dependence of the LRS current in Ti/Ta 2 O 5-x devices reduces significantly with increasing I comp , as shown in Fig. 4(c) , which agrees with the creation of a more uniform and metallic CF, as shown by simulations in Fig. 2 . In the case of the Ta/Ta 2 O 5-x device, the LRS I-V characteristics showed approximately the same I-V curve temperature dependence as a function of I comp much lower than that in 406 VOLUME 7, 2019 the case of Ti/Ta 2 O 5-x , consistently with a quasi-metallic CF (Fig. 4(c) ). It should be noted that the conduction mechanisms allowing consistently describing the results in Figs. 2, 3, and 4 (i.e., TAT and drift) are the ones frequently reported in the literature for HRS and LRS states [24] , although some groups reported Poole-Frenkel [25] , [26] . In addition, Fig. 4 (d) presents the device-to-device and cycleto-cycle variations of Ti/Ta 2 O 5-x and Ta/Ta 2 O 5-x devices as a function of non-linearity (non-linearity = I @ V R / I @ 1/2V R , as shown in Fig. 1 (b) ). The quasi-metallic CF of the Ta/Ta 2 O 5−x device guarantees a linear I-V characteristics (non-linearity = ∼ 2). We finally investigated the output read current across the array using SPICE simulations. In neuromorphic cross-point array systems, the read voltage for vector-matrix multiplication is applied to each word line ( Fig. 5 (a) ). The output current flowing from the bit line is given by the sum of the currents driven by the activated synapses. The current driven by all cells depends on the actual read signal applied, which in turn depends on the cell position in the array due to the parasitic resistance. To evaluate this effect, we considered synaptic devices in the array were randomly trained in HRS or LRS. The read voltage to obtain a similar conductance value is applied to each of the two synaptic device arrays (LRS = ∼200 µS, HRS = ∼10 µS at 0.88 V (Ti/Ta 2 O 5-x ), 0.44 V (Ta/Ta 2 O 5-x )). The read current is evaluated at the bit line farthest from the read voltage source. The read current loss, as a function of the read current at the bit line, is defined as (I Ideal -I Real /I Ideal ) × 100. In our simulations, we set the parasitic metal wire resistance per segment (each end of a segment typically has a synaptic device attached) to 0 for the ideal read current (I Ideal ) and between 0.1 and 1
for the real read current (I Real ). Figure 5 (b) shows the read current loss for various cross-point array size ranging from 16 × 16 to 128 × 128, under different parasitic metal wire resistance. The result shows an increase of the read current loss as the array size increases. This means that read voltage is not fully applied to the synaptic device due to the parasitic metal wire resistance, which leads to a degradation of the read current. Although the degree of read current degradation increases with the parasitic metal wire resistance, Ta/Ta 2 O 5-x devices, which guaranteed linear I-V characteristics, exhibited much lower current loss than the Ti/Ta 2 O 5-x devices. Therefore, to mitigate read current loss in high-density cross-point arrays, I-V linearity is crucial to achieving the accurate weight sum operations in neuromorphic application.
IV. CONCLUSION
We performed experiments and simulations to investigate the origin of the I-V linearity in TaO x -based RRAM devices. Our results revealed that the shape and properties of the CF including the thermal conductivity of the RS film play a crucial role to ensure linear I-V characteristics. In particular, the constriction in a conical-like CF and the consequent poor heat dissipation are the major obstacles to achieve linear I-V characteristics that are instead obtained with a uniform and more metallic CF. Our findings provide fundamental insights into how to manipulate the material properties for optimizing the I-V linearity in RRAM synapses. Finally, SPICE simulations showed that I-V linearity allows mitigating the parasitic wire resistance in cross-point RRAM synapses arrays, mitigating the read current loss in neuromorphic system.
